were carried out to examine the components of the intracellular second messenger system that is involved in /33-adrenoceptor (atypical /3-adrenoceptors)-mediated relaxation in the guinea pig taenia caecum. Propranolol and butoxamine caused competitive antagonism of the relaxant response to isoprenaline. However, propranolol or butoxamine did not significantly affect the relaxant responses to CGP 12177
8-Adrenoceptors
are integral membrane proteins mediating a wide variety of the physiological actions of catecholamines, through coupling to guanine nucleotidebinding regulatory proteins (G proteins) and activation of adenylate cyclase. The existence of two subtypes of the /3-adrenoceptor is generally accepted (1). However, /3-adrenoceptors have now been reclassified by molecular biological studies into three subtypes: ~1, / 2 and R3 (2, 3) . Therefore, it is timely to re-evaluate the pharmacological characterization of many (3-adrenoceptor-mediated effects and to establish the role of /33-adrenoceptors in comparison with those of /31-and j32-adrenoceptors (4-7).
We have reported that predominantly /32-and partly /33-adrenoceptors (atypical /3-adrenoceptor) are involved in the /3-adrenoceptor-mediated relaxation of the guinea pig taenia caecum and that CGP 12177 (a /31//32-adrenoceptor antagonist and a /33-adrenoceptor agonist)-induced relaxation of the guinea pig taenia caecum is solely mediated through /33-adrenoceptors (8) .
In general, it is accepted that all three /3-adrenoceptor subtypes (R1-, /32-and /33-subtypes) are coupled to the activation of adenylate cyclase and acted through the same effector pathway-cAMP as a primary mechanism for signal transduction (9) . However, the signal transduction pathway that is activated by the occupation of /33-adrenoceptors on the guinea pig taenia caecum is not known. The aim of the present study is, therefore, to examine elements of the possible signal transduction pathway that is involved in /33-adrenoceptor (or atypical /3-adrenoceptors)-mediated relaxation in the guinea pig taenia caecum.
Mechanical responses
Male guinea pigs weighing 300 to 500 g were killed by a blow on the head. A 2-to 3-cm piece of the taenia caecum was isolated and suspended in a 20-m1 organ bath filled with a Ringer-Locke solution (154 mM NaCI, 5.6 mM KCI, 2.2 mM CaC12, 2.1 mM MgC12i 5.9 mM NaHCO3, and 2.8 mM glucose) kept at 321C and bubbled with a mixture of 95010 02 and 5% CO2. The mechanical responses of the smooth muscle preparations were recorded isotonically under a tension of 0.7 g. The experiments *To whom correspondence should be addressed .
were started after the preparations had been allowed to develop their spontaneous tone for 2 hr. The concentrationresponse curves of the test drugs were obtained cumulatively, and the relaxation induced by these drugs was expressed as a percentage of the maximal relaxation produced by isoprenaline. To test the antagonism, one of the antagonists was added to the bath 30 min before the addition of the agonist. The concentration-response curves to isoprenaline were then obtained in the presence of an antagonist. The time interval between two consecutive curves was usually set at 60 min. When cumulative concentration-response curves for isoprenaline were successively obtained two or three times with the 60-min interval, the maximum response and sensitivity did not change markedly during the procedure (data not shown). The agonistic potency was expressed as the pD2 value (10). The competitive antagonistic potency was expressed as the pA2 value. It was calculated according to the method of Tallarida et al. (11) , which was originally reported by Arunlakshana and Schild (12) .
Estimation of cyclic AMP levels
The tissue content of cyclic AMP was estimated by the method of Steiner et al. (13) . Two pieces of taenia were removed from one caecum and suspended in two similar 20-ml baths filled with a Ringer-Locke solution kept at 321C and gassed with a mixture of 95% 02 and 5% CO2. They were frozen in liquid nitrogen immediately after the test drugs were added to the baths for 2 min (14) . One piece was used for measuring the control level of cyclic AMP and the other for estimating any change of cyclic AMP concentration after treatment with the test drugs. The tissues were homogenized with a glass homogenizer in 2 ml of cold trichloroacetic acid (6% w/v) that contained 0.5 pmol of [3H]cyclic GMP to estimate the recovery of cyclic AMP (15) . The homogenate was centrifuged at 3000 rpm at 01C for 15 min, the supernatant was then acidified with 1 N HC1, and the trichloroacetic acid was extracted with ether. The cyclic AMP samples were lyophilized. The lyophilized samples were dissolved with sodium acetate buffer, pH 6.2, and they were used for the estimation of cyclic AMP and for calculating the recovery (15) . The quantity of cyclic AMP was determined by a radioimmunoassay, using a commercial kit (Yamasa, Chiba).
The concentration-response curves of the increase in cyclic AMP levels induced by isoprenaline and CGP 12177 were obtained. Five different concentrations, ranging from 10-8 to 10-6 M, were used for isoprenaline, while four different concentrations, ranging from 10-8 to 10-5 M, were used for CGP 12177. Each series of concentrations represents one experiment. Cyclic AMP levels were determined as the percentage of the maximum isoprenaline response for each experiment separately. To test the antagonism, one of antagonists was added to the bath 30 min before the addition of the agonists. The agonistic potency was expressed as the pD2 value (10). The competitive antagonistic potency was expressed as the pA2 value, which was estimated as the negative logarithm of the dissociation constant from the antagonism experiments. It was calculated according to the method of Tallarida et al. (11) , which was originally reported by Arunlakshana and Schild (12) .
Protein assay
Protein concentrations were determined by the method of Lowry et al. (16) 
(Research Biochemicals Inc., Natick, MA, USA); and [3H]cyclic GMP (specific activity, 36.4 Ci/mmol; 1 Ci = 37 GBq; New England Nuclear, Boston, MA, USA). All the drugs were used as a solution in distilled water. The other chemicals used were of analytical grade.
Mechanical responses
Isoprenaline and CGP 12177 caused graded relaxation of the guinea pig taenia caecum where tone had been raised spontaneously. The pD2 values were 8.32±0.05 (mean±S.E., N=6) for isoprenaline and 7.00±0.17 (mean ±S.E., N=6) for CGP 12177. Propranolol (10-8-10-6 M), a non-selective ~1-and ~2-adrenoceptor antagonist, competitively antagonized the relaxation responses to isoprenaline. The Schild plot of the data revealed the pA2 value of 8.39±0.02, the slope of the regression line (1.01 ±0.03) not being significantly different from unity (Table 1) . However, propranolol (^-10-6 M) did not significantly affect the relaxant responses to CGP 12177 (Table 1) . Butoxamine (10-6-10-5 M), a selective (32-adrenoceptor antagonist, caused competitive antagonism of the relaxant responses. The Schild plot of the data revealed the pA2 value of 6.46 ± 0.06, which was the same as the previously reported one (8) . Butoxamine did not significantly affect the relaxant responses to CGP 12177, as previously reported (8) .
MDL 12330 (3 x 10-4 M), an adenylate cyclase inhibitor, inhibited the relaxation responses to isoprenaline and CGP 12177 (Fig. 1) . Moreover, MDL 121330 (3 x 10-4 M) increased the spontaneous tone of the taenia caecum in some degree.
Cyclic AMP levels
Isoprenaline and CGP 12177 increased cyclic AMP levels in the guinea pig taenia caecum. The pD2 values were 7.33±0.07 (mean±S.E., N=6) for isoprenaline and 7.03±0.11 (mean±S.E., N=6) for CGP 12177. The concentration-response curves from isoprenaline-induced increase in cyclic AMP levels were shifted to the right in a parallel manner by propranolol or butoxamine (Fig. 2,  A and B) . The pA2 values of propranolol and butoxamine against isoprenaline, which were calculated from the shift of each curve, are summarized in Table 1 . However, propranolol or butoxamine did not significantly affect the concentration-response curve for the CGP 12177-induced increase in cyclic AMP levels (Fig. 3, A and B) .
Moreover, MDL 12330 significantly inhibited the isoprenaline-or CGP 12177-induced increase in cyclic AMP levels (Fig. 4) . As shown in Fig. 4 , MDL 12330 (3 x 10-'M) also inhibited the basal cyclic AMP level. A previous study suggested that isoprenaline-induced relaxation of the guinea pig taenia caecum predominantly involves (32-adrenoceptors, whereas CGP 12177-induced relaxation is solely mediated through j33-adrenoceptors (8) . In the present study, the action of isoprenaline was blocked by propranolol, whereas the response to CGP 12177 was completely insensitive to blockade with propranolol. One of the predominant pharmacological characteristics of the ~3-adrenoceptor is its relatively low affinity towards some (3-adrenoceptor antagonists; i.e., propranolol and its many analogs (2, 3, 5, 17) . The results confirmed the previous observation that the CGP 12177-induced relaxation of the guinea pig taenia caecum was solely mediated by j33-adrenoceptors.
Tate et al. (18) have shown that three subtypes of j3-adrenoceptors are expressed in an eukaryotic cell type in which the receptors may be coupled with a stimulatory guanosine-nucleotide-binding protein for activation of adenylate cyclase. From the results reported here, it appears that CGP 12177 stimulates cyclic AMP production in the guinea pig taenia caecum. However, this production is not abolished by propranolol, a non-selective ~ land (32-adrenoceptor antagonist or butoxamine, a selective ~2-adrenoceptor antagonist, suggesting that CGP 12177-induced increase in cyclic AMP levels is mediated by ~3-adrenoceptor (atypical 8-adrenoceptors).
On the other hand, the isoprenaline-induced increase in cyclic AMP levels (mediating ~2-adrenoceptors) was inhibited by propranolol or butoxamine, and the pA2 values of those antagonists obtained from the increase in cyclic AMP levels were in good agreement with their pA2 values obtained from the mechanical responses (Table 1) . These results suggest that the production of cyclic AMP contributes to the ~3-adrenoceptor-mediated relaxation of the guinea pig taenia caecum, like (32-adrenoceptors. Moreover, our results suggest that if j32-and /33-adrenoceptors coexist and both have an important role in catecholamine-mediated relaxation of the guinea pig taenia caecum, it is necessary to stimulate both receptors to induce relaxation.
Additionally, when differences between the pD2 values for isoprenaline and CGP 12177 obtained from the mechanical responses and from the increases in cyclic AMP levels were calculated, the difference for isoprenaline was larger than that for CGP 12177. These differences seem to be due to the existence of spare receptors as previously reported (14) . These results suggest that there are spare receptors for isoprenaline, but few for CGP 12177, in the guinea pig taenia caecum.
It is generally accepted that the actions of a number of peptide hormones, catecholamines and prostaglandins are cAMP-mediated. Agents that specifically affect the activities of adenylate cyclase are useful tools for determining the importance of cyclic AMP in the regulation of cellular processes. For example, some adenylate cyclase inhibitors now available give additional support to the role of cyclic AMP, when they block the hormonal action. Recently, a cycloalkyl compound, MDL 12330, has been reported to inhibit adenylate cyclase activity in rat liver (19) , kidney from rat, mouse and chick (20) and frog skin (21) . Furthermore, it has been demonstrated that MDL 12330 at the concentration of 3 x 10-4 M, which was used in this study, decreases the basal cyclic AMP level by inhibiting the activities of adenylate cyclase (19, 20) , and our result is in agreement with that observation. MDL 12330 at the concentration of 3 x 10-4 M seems to completely inhibit adenylate cyclase activity in the guinea pig taenia caecum. In the present study, the CGP 12177-induced increase in cyclic AMP levels was inhibited by MDL 12330. These results suggest that the CGP 12177-induced increase in cyclic AMP levels is directly mediated through the j33-adrenoceptor-coupled adenylate cyclase system. Moreover, the isoprenaline-induced increase in cyclic AMP levels (mediated by j32-adrenoceptors) was also inhibited by MDL 12330. Our results suggest that both J2-and (33-adrenoceptor-mediated relaxation of the guinea pig taenia caecum is related to activation of the same effector pathway-cAMP. However, since we did not examine whether /2-and ~3-adrenoceptors are coupled to the same adenylate cyclase, much additional experimental support is necessary.
We conclude that CGP 12177-induced relaxation (mediating (33-adrenoceptors) is strongly coupled to the production of cyclic AMP and that functional (33-adrenoceptors coupled to adenylate cyclase are present in the guinea pig taenia caecum.
